ABSTRACT. Repeat airborne laser altimeter measurements are used to derive surface elevation changes on parts of Whillans Ice Stream and Ice Stream C, West Antarctica. Elevation changes are converted to estimates of ice equivalent thickness change using local accumulation rates, surface snow densities and vertical bedrock motions. The surveyed portions of two major tributaries of Whillans Ice Stream are found to be thinning almost uniformly at an average rate of ¹1m a^1. Ice Stream C has a complicated elevation-change pattern, but is generally thickening. These results are used to estimate the contribution of each surveyed region to the current rate of global sea-level rise.
INTRODUCTION
Thinning of theWest Antarctic ice sheet (WAIS) may account for a portion of the current rate of global sea-level rise (Church and others, 2001 ). The primary drainage features of the WAIS, the Ross ice streams, are undergoing substantial changes in length, width, thickness and speed at decadal and shorter time-scales (Bindschadler and Vornberger, 1998; Hamilton and others, 1998; Echelmeyer and Harrison, 1999; Joughin and others, 1999; Price and Whillans, 2001; Whillans and others, 2001; Joughin and Tulaczyk, 2002) . Ice from the interior of the WAIS is funneled through the Ross ice streams on its way to the ocean, so changes occurring in the ice streams may reflect broader-scale and longer-term changes of the entire ice sheet. Understanding the changes that are occurring throughout the Ross ice-stream system is therefore critical for determining the mass balance of the WAIS and its effect on global sea level.
While understanding of the mechanics of ice-stream flow has improved greatly over the last two decades, direct measurements of the changes occurring in these regions are restricted to a few isolated field sites. Airborne geophysical programs are capable of covering larger regions than is possible with ground-based programs.The U.S. National Science Foundation's (NSF) Support Office for Aerogeophysical Research (SOAR) operated a geophysically outfitted aircraft in Antarctica during the 1990s.The procedure used to collect, calculate, calibrate and validate SOAR laser altimeter measurements is described by Spikes and others (2003) . This companion paper presents and interprets elevation changes measured using the SOAR system over ice streams in West Antarctica.
STUDY AREA
This study focuses on Ice Stream C (ISC) and the two tributaries toWhillans Ice Stream (WIS),Whillans-1andWhillans-2 (W1 and W2) (Fig. 1 ). Water and till beneath the ice streams lubricate the contact between ice and substrate, whereas the interstream ridges are likely frozen to the bed others, 1986, 1987; others, 1986, 1987; Engelhardt and others, 1990; Kamb, 1991, 1997; Tulaczyk and others, 2000) . The fast-moving (up to 800 m a^1) ice stream is separated from the slow-moving (¹2 m a^1) ridge by a narrow (¹2 km) wide zone, within which lateral shear stresses are large (4200 kPa; Jackson and Kamb, 1997) . On an active ice stream like WIS, these large shear stresses provide the primary resistance to flow (Echelmeyer and others,1994; Raymond,1996; Van der Veen and Whillans, 1996; Jackson and Kamb, 1997; Whillans and Van der Veen, 1997) . The two regions of WIS surveyed here have different flow regimes: the region surveyed on W1 is fast-moving (speeds of 100^300 m a^1), while the region surveyed on W2 is nearer to the ice-stream onset and slowermoving (speeds 5100 m a^1). ISC is unusual because it no longer flows at rapid velocities in the downstream region despite what appears to be adequate lubrication (Retzlaff and Bentley,1993; Whillans and Van der Veen,1993; Bentley and others, 1998; Joughin and others, 1999) .
ELEVATION CHANGES

At crossover points
The purpose of repeat laser profiling is to measure changes in elevation with time. Elevation changes at crossover points (Figs 2^4) and their associated errors (Spikes and others, 2003) are presented inTable1. Several of the crossover points shown in Figures 2^4 were not surveyed in both seasons and are thus omitted fromTable 1. The distance between 1997/98 and 1999/2000 crossover points, d, varies between 6 and Journal of Glaciology, Vol. 49, No. 165, 2003 { Deceased 9 May 2001. 48 m (Table 1) . Because the two seasons'crossover points are not coincident, a correction, C k , is applied to remove the effects of surface slope, k, between the points. To determine the surface slope, data within 200 m of the 1999/2000 crossover points are gridded and contoured (as shown in Spikes and others, 2003, fig. 9 ). The slope correction, C kˆk ¢ d, is then added to the elevation of the 1997/98 crossover point. This corrected value is then subtracted from the elevation of the 1999/2000 crossover point to give the elevation change. Dividing the elevation change by the elapsed time between surveys gives the rate of elevation change. The errors in the rate of elevation change are related to the standard deviation of the reported rms for each crossover measurement.
Determination of elevation changes at crossover locations is advantageous, because the errors in the laser measurements are well understood at these locations (Spikes and others, 2003) . Errors in elevation changes at crossover points range from 0.02 to 0.15 m a^1 (Table 1) . In most cases, the measured elevation change is much greater than the associated error. Exceptions include the two crossover points on ISC (Nos. 8 and 18) where the error was larger than the near-zero rate of elevation change (Table 1) . (Jezek and others, 2002 Whillans and Van derVeen (1993). (b) Laser surveys superimposed on a contoured version of BEDMAP (Lythe and others, 2000) . elevation from the two or three closest 1999/2000 laser-derived elevations. The average elevation difference is then computed to remove the effects of sastrugi. The distance between the center points of the two laser measurements being compared never exceeds 40 m, and is often 510 m. Errors associated with along-track elevation changes are expected to be similar to those found at crossover points. However, no correction is used here for slope-induced errors, which could be on the order of 20 cm when measurements are up to 40 m apart (Table 1 ). This correction is avoided because the shape of the ice surface changes in an irregular manner across each ice stream and the orientation of each 1997/98 measurement relative to the 1999/2000 measurement also changes. Slope-induced errors likely appear in the along-track ice equivalent thickness changes (discussed below) shown in Figures 2^4, but due to the random nature of ice surface slopes and measurement orientations, it is likely that these errors cancel out while interpolating (using 1km grid spacing) the ice equivalent thickness changes shown in Figure 5 .
Along survey lines
ICE EQUIVALENT THICKNESS CHANGE
Calculating thickness change
In order to calculate a change in mass for each surveyed region, the measured elevation changes are first converted to ice equivalent thickness changes (Table 1 ; Figs 2^4). Icesheet surface elevations change according to several processes: ice-velocity changes; spatial and temporal variations in the rate of snowfall and firn densification; and vertical bedrock motions. The rate of ice equivalent thickness Fig. 2 . Map of 1997 Map of /98 (gray) and 1999 Map of /2000 laser altimeter surveys overW1. Bold characters represent profile names (e.g. x1 0 ¡x1 00 ). Laser-derived elevations (1997/98: gray; 1999 /2000 and calculated thickness changes are plotted for each profile.
change, _ H, is calculated using short-term laser measurements of ice-sheet elevation change, _ z, according to:
The accumulation rate, density of surface snow, and vertical motion of the subglacial bedrock are expressed as _ b m (mass per unit area and time), » s (mass per unit volume) and u (m a^1, positive upwards), respectively.Variations in the rate of firn densification likely contribute sub-centimeter errors to measured surface elevation changes (Wingham, 2000) . This correction would have a negligible effect on the present results, and because no data are available to estimate this contribution, it is ignored. Thickness changes calculated using Equation (1) 
Accounting for changes in snowfall
Temporal variations in snow accumulation rate can introduce large errors to _ H (Van der Veen, 1993; Van der Veen and Bolzan, 1999; Cuffey, 2001) . To remove the effects of short-term variability in snowfall, shallow cores (520 m) were collected at two sites (BBC and Snake) close to the northern shear margin of W2 (Fig.1) . These cores were used to derive snow-accumulation rates based on the detection of elevated gross beta radioactivity (Whillans and Bindschadler,1988) . Using the BBC and Snake cores, the average accumulation rate for the 42 year period (1955^97) is found to be 0.082 § 0.014 Mg m^2 a^1. The average density of the upper 20 cm of these two cores is 0.37 § 0.04 Mg m^3, which is used as the value for » s . In addition, steel poles installed at each site to measure ice velocities are used to derive short-term accumulation rates based on pole burial. BBC was installed 
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in November 1996 and resurveyed in the following three seasons. Snake was installed in December 1998 and resurveyed in the following season. These measurement periods coincide with the airborne laser profiling.
The change in accumulation rate, ¢ _ b m , is determined by subtracting long-term _ b m , based on core stratigraphy, from the short-term accumulation rate based on pole burial.The shortterm accumulation rate is the density of surface snow multiplied by the amount of new snowfall. Using data from the two field sites over a 2 year period, an average ¢ _ b m of^0.019 § 0.02 Mg m^2 a^1 is obtained (Table 2) , which is in the range of the average interannual variability of 0.018 Mg m^2 a^1 found by Venteris and Whillans (1998) for the Ross ice-stream region.This mass-equivalent change in the amount of snowfall results in a^0.05 m a^1 elevation change assuming surface snow has a density of 0.37 Mg m^3. It is important to note that the measured increase in _ b m represents variability over a 2 year period, and most likely does not represent a longer-term change.
Accounting for isostasy
Isostatic adjustment due to glacial loading or unloading also contributes to measured elevation changes of the ice-sheet surface. The term u in Equation (1) is the sum of the shortterm elastic changes in bedrock elevations and the longerterm viscoelastic changes. The best estimate of present-day glacial rebound comes fromJames and Ivins (1998) who predict that uˆ0.008 m a^1 for the areas included in this study. Relative to the calculated values of _ H and the associated errors (see below), u is negligible. Nevertheless, it is included here for completeness.
Error budget
To estimate the standard error of _ H, uncertainties in the quantities in Equation (1) are combined using the law of propagation of variances, so that:
The uncertainty in measured elevation changes, ¼ _ zˆ0 .08 m a^1, is the standard deviation of the errors at crossover points in Table 1 . The error associated with James and Ivins' (1998) predicted rate of glacial rebound is ¼ uˆ0 .002 m a^1. The change in accumulation rate has an associated error of ¼ ¢ _
bm0
.01Mg m^2 a^1 ( Table 2 ). The error in the density of surface snow at BBC and Snake is ¼ »sˆ0 .04 Mg m^3. The standard error ¼ _ H for all thickness-change values is §0.08 m a^1. 
Results
Point measurements of _ H obtained using the submergence velocity technique (G. S. Hamilton and I. M. Whillans, unpublished information) reveal a thinning rate of 1.316 § 0.085 m a^1 for Up-B onWIS. Laser surveys over nearbyW1 indicate that the ice is thinning at rates of 0.0^2.8 m a^1 (average thinningˆ0.57 m a^1; Fig. 5 ). Hamilton and Whillans found no significant change in _ H at their Catchment-B site (0.019 § 0.021m a^1) located in the upper part of W2. Farther downstream laser measurements reveal that W2 is thinning at rates of 0.0^1.2 m a^1 (average thinning0 .64 m a^1; Fig. 5 ). Ice near the Up-C submergent velocity site on ISC is thickening at a rate of 0.559 § 0.019 m a^1 (G. S. Hamilton and I. M. Whillans, unpublished information), while laser measurements indicate that ISC is changing thickness at rates of^0.6 to 2.0 m a^1 (average thickeningˆ0.12 m a^1; Fig. 5 ). It should be noted that the submergence velocity results are point measurements that apply to sites that are close to (41km), but not directly covered by, laser measurements. Therefore, a direct comparison between the two measurement techniques is not possible.
Using a continuity calculation based largely on satellite data, Joughin and others (1999) produced a map of thickness change for nearly the same area of ISC as the laser surveys presented here. They report a variable spatial pattern of thickness change ranging from 0.0 to 0.7 m a^1 with an average thickening rate of 0.49 m a^1. The range of thicknesschange rates found by Joughin and others (1999) are significantly less than the range found with laser altimetry, which results in the higher average thickening rate found with the continuity calculation. Given the relatively large uncertainties associated with the ice velocities and ice thicknesses used for the continuity calculation, it is expected that the direct laser measurements yield the more accurate thickness-change results.
DISCUSSION
Thickening in the upper regions of ISC is most likely due to the stagnation of the lower part of the ice stream. Ice thickness decreases by a factor of two from the upstream part of the laser grid to the downstream part, mostly as a result of increased bed elevations. Velocities decrease from 25 to 3 m a^1 for the same region, and surface slope increases by a factor of 2. As more ice moves into the region, ice thicknesses should increase as a result of compression (Whillans and Van der Veen,1993; Price and others, 2001) . Laser measurements and point measurements of mass balance confirm that ISC is thickening as it approaches the downstream bedrock ridges. The growing bulge on ISC is likely an indicator that the ice stream is building towards a renewed episode of rapid flow. (Liu and others, 2000) . Stars represent submergence velocity stations. Several studies have shown that parts of WIS are changing over time, notwithstanding the results of the Joughin and Tulaczyk (2002) study, which suggest that overall this ice stream is in balance. This ice stream is known to be decelerating, although it is still active all the way to the Ross Ice Shelf (Whillans and others, 2001; Joughin and Tulaczyk, 2002) . Price andWhillans (2001) studied the pattern of marginal crevasses near the head of theW1b tributary and concluded that the onset to streaming flow was migrating upstream. In addition, ice from a nearby ISC tributary is being diverted to W2 (Price and others, 2001 ) due to increased surface slopes across theWIS/ISC ridge that are the result of long-term thinning of WIS and thickening of ISC. Other studies have revealed that ice is also entering WIS through the lateral margins, which are migrating toward the interstream ridges at rates on the order of tens of meters per year (Hamilton and others, 1998; Echelmeyer and Harrison,1999) . Rapid thinning, widening and a 23% reduction in ice velocities show that this ice stream is responding to many changes all at once. Given the nature of these observations, it is unlikely that the current behavior of WIS can be sustained. One end-member scenario is that this ice stream may be approaching stagnation (Alley, 2002; Joughin and Tulaczyk, 2002) .
Fig. 5. Calculated rates of ice equivalent thickness change for ice streams W1,W2 and ISC (colored regions) superimposed on a three-dimensional version of the RADARSAT-1 Antarctic Mapping Project (RAMP) digital elevation model (DEM)
Spatial variability in the rate of thickness change occurs on WIS and ISC (Figs 2^5). Possible explanations for the variability include: (1) spatial variability in ¢ _ b m ; (2) kinematic waves traveling downstream; (3) downstream advection of ice with different characteristics (e.g. ice entering the ice stream from the sides); and (4) dynamic changes in ice velocity related to changes in the bed. Spatial variability in accumulation does occur, but the resulting thickness changes are only expected to be on the order of centimeters. Kinematic waves or the presence of rafted ice should result in a measurable surface bump or depression, but identifying these features would require at least one more season of surveying to track the movement of elevation changes. Most of the anomalous changes in thickness appear over bedrock valleys, suggesting that a change in ice velocity has caused the ice to either build up as it reaches a bedrock ridge, or thin as it passes one. The best example of rapid thinning as a result of a change in ice velocity occurs where W1b meets W1a (Fig. 5) . According to Joughin and Tulaczyk (2002) , the ice speeds up by a factor of three (100^300 m a^1) at this junction. Whatever the cause, the variability at each location must change regularly, because advancing these exact changes forward in time would quickly result in surface hills and depressions with improbable magnitudes. Future monitoring of elevations in these regions would likely reveal a different pattern of variability, and possibly would show that these variations propagate downstream with the flow of ice.
CONTRIBUTIONS TO GLOBAL SEA-LEVEL CHANGE
The current best estimate for the rate of global sea-level rise is 1.0^2.0 mm a^1 (Church and others, 2001) . Estimates of the contribution of the Ross ice streams (Ice Streams A, C, D, E, F and Whillans Ice Stream) range from 0.058 mm a^1 (^20.9 §13.7 Gt a^1; Shabtaie and Bentley, 1987) . While the current study does not have the spatial coverage required to make a similar calculation for the entire Siple Coast catchment, we can estimate the sea-level equivalent contribution from each surveyed area (Table 3) .
InTable 3, values refer to the planar areas shown in color in Figure 5 . The change in volume is the cumulative ice equivalent thickness change, _ H, for each given area. The error in the volume is the standard error of _ H multiplied by the area. The change in mass is the change in volume multiplied by the density of ice (0.91Mg m^3). The mass of ice lost within the survey grids accounts for ¹0.0085 mm a^1 of sealevel change, which is 0.43^0.85% of the current rate of global sea-level rise. This contribution is significant considering that the area surveyed represents only 0.11% of the total ice-covered area of Antarctica.
The laser-derived results appear to be inconsistent with Joughin and Tulaczyk's (2002) estimate that the entire Ross ice-stream region is presently gaining mass. It is important to note that the laser-derived results do not account for any changes that might be occurring outside of the survey grids, including catchment zones for each ice stream. As Joughin and Tulaczyk (2002) show, a thinning ice stream can be balanced by new snow accumulation throughout the entire catchment area or by thickening in an adjacent ice stream.
CONCLUSIONS
Ice-surface elevation changes measured from 1997 to 1999 using the SOAR laser altimeter system are presented for W1, W2 and ISC. The measured elevation changes are in most cases too large to be explained by a sudden change in the rate of snowfall, firn densification or bedrock motions. We interpret most of the measured elevation changes to represent non-steady-state, ice equivalent thickness change.
The results represent the first direct thickness-change measurements over large sections of the Ross ice streams. The surveyed parts of two WIS tributaries are shown to be thinning at average rates of 0.57 m a^1 (W1) and 0.64 m a^1 (W2). The surveyed part of ISC is thickening at an average rate of 0.12 m a^1. The values derived with this method agree reasonably well with results of point mass-balance measurements and calculated thickness-change estimates byJoughin and others (1999) .
The contribution of each surveyed area to global sea level is also estimated. The surveyed areas account for 0.43^0.85% of the current rate of global sea-level rise, assuming the amount of ice lost is not balanced by accumulation in other regions. It is unclear whether or not this value is in agreement with Joughin and Tulaczyk's (2002) estimate that the entire Ross ice-stream region has a slightly positive mass balance. More direct measurements, such as 
